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The topic of this ta lk . . .
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B ackg roun d& . Concept
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Cosm ic Ray Muons

Produced from primary cosmic
rays in the atmosphere .

Many muons can penetrate
several meters of rock .

t~ t-i t,:°;~• " ,
i%~' •,

(F) National Geo~plik . 1 96 3

Muons arrive from upper hemisphere at
a rate of about 10,000 / min . m2 .
- - ~ - ~ -

That ' s about one through your fingernail
per minute .
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How Muons Interact with Materia l

• Energy Los s

• Range Out

• Multiple Scatterin g

These interaction modes depend material properties, and so
represent potential material identification information sources.
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D ifferential Attenuat i on Radiography

Searching for Hidden Chambers in Pyramids
u„r u fha fhr p>ram ida a1 cM,

F n. m Ie0 b riEht . Ihc T h ud I' 1 ~ : ~~+~iJ af
\h c rr inu . . ihe ti.~t»~J P, iam iJ of Cha .
phrcn . t h v G r c: d P q ram iJ of C hcop .
~, ♦ .~~ I~ ~a~l (rcoec~pnrt S . ni e q l

Lu i s Alvarez , et . al .
Scien ce 167 , 832 (1970 )

Arturo Menchaca , et . al .
current effort , see

Predicting Volcanic Eruptions

Tanaka, Nagamine, et . al .
Nuclear Instruments and Methods A

507 : 3 , 657 (2003 )

http ://Www.msnbc.msn.com/id/4540266/

rMUO n

M easuring instrument-~". __ •r
(d etectors )

A~Y' - - -

Ma g m a

F igure 4 : A na l y zing t h e interna l
s t ru c tu r e o f a vo l c anic zo ne using muon s
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Multiple Scattering

Charged pa rt icle
with momentum p .

The pa rt icle
experi ences many

small ang le sca tte r s
due to E . M .

inte rac ti o n s wi t h
material atoms .

Material
wit h

rad i a tion
leng th L,,, IF

w0
ft ~

~• ~

--

~

--~

L

i X

W. H~X

Particle is scattere d
and displaced from
the original track .

D i stribution of scattering angle is
approximately Gaussian :

() ,,

for (ex ) e 2qO
,

2rr~„

Standard deviation is related to the material :

15

r~L

Q0 - -

t'

The radiation length Lo is a characteristic
prope rty of material that generall y

DECREASES with INCREASING material
Z number .
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Scattering is Material Dependent
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The Basic Concept

• Track individual muons (possible
due to modest event rate) .

• Track muons into and out of an
object volume .

• Determine scattering angle of
each muon .

• Infer Z-level of material within
volume from data provided by
many muons .

• New tomographic reconstruction
algorithms are required .

J Los Alamos
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Muon Radiography for Detection of
Contraband Special Nuclear Materia l

• No a rt ificial radiological dose .

• No a rt ificial source required .

• Low-cost muon detectors
have been used for decades .

• 3D reconstruction enabled b y
multi-angle "illumination ."

• The heavier the shield the
better .

Shielded
Detecto rs crate

I fI.
~ J I

~~:1 I+ l II ~ ~ , ~ ~ Cargo

f ~ ` I

• Existing methods don't work Engine
well for detecting uranium .

I \ + _:~ `
i1 ~ - -

±. ~
. Large Detectorssca tt eri n g

Mild
sc atterin 9, j, .

M;ld fl :
_ s c a tt eri n g
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Experimental Proof of
Principle & Simulation
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Experimental Prototype

• D1-D4 - Muon detectors (wire chambers, measure X/Y position)
• B - "Unistrut" beam s
• L - Lexan plate to hold objects
• W- Tungsten cylinder (5 .5 cm radius, 5.8 cm height )

-J HX y D 1
~ _~----

~ ~ I ,~ ~

27 cm spacing , all detector s

X Y D2 - , -------_ . - D?.
Iffl 7W C' g

L

X Y ~ D 3

D4
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Scattering Histograms
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Reconstructed Image s

Experimen t

❑

-- ;'~ ~'~► ,;,,,, m ,~

More on how the images were made later.

Simulatio n

ti

Standalone Monte Carlo muon transport simulation developed .
GEANT 4 based simulation has also been tested.

A
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More Experimental Rad iographs

A Steel C-Clamp LANL of Lead
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Point o ~ ~ ,~ApprolachClosest
Rec:onstruc:tion Algon ~~~h ~~ ~
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PoCA Reconstruction Algorithm

A ray takes a stochastic, Estimate the ray path and
path and emerges with an identify pixels that

aggregate scattering angle . "influenced" the ray .

Find point of closest
approach (PoCA) . Assume

all scattering occurred i n
that pixel .

Assign squared scattering
angle to PoCA pixel, 0 to
other candidate pixels .

Taking the mean signal assigned to each pixel over many muons results in an a
reconstruction of material scattering tendency.

~Los Alamos
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PoCA works well for. . .

Scenes with relatively small isolated objects

Simulated scene
1x1x1 m3 Fe box (3 mm wall thickness)

4 cm radius U sphere in cente r

PoCA Reconstructio n
- 1 minute of simulated exposure
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PoCA works less we ll for. . .

Scenes with large, distributed, or multiple object s

Simulated scen e
1x1x1 m3 Fe box (3 mm wall thickness)

now filled with solid Aluminu m
and 4 cm radius U sphere in center

PoCA Reconstructio n
- 1 minute of simulated exposur e
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Maximuni Li . _~kel ihood
R
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"T raditiona l " Iterat ive Tomograph ic
Reconstruction

Ly : path length Start with a discrete object grid with N elements .

of rav i
A ray passes through the grid .

Assume that ray values may be represented by line
integrals of the object function along the ray path .

PM
in discrete form, the raysum for ray i is

M

.n-

p"'-' P; - L L,; .fj + r l ;
j= 1

Pass M rays through the grid .

p = Lf + n

Solve this system iteratively .

~ Los Alamos~ . . ~
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Scattering Density

Particle with
momentum p

1 ~a z

fH(B)=
2

~
6

15 L

6H p L rn d

M a terial
wit

h rad i a Gon
le n g th L ,,,d o

--T
L

- -t- -

Establish a nominal pa rt icle momentum p o

and define the sca ttering density of a material as :

,
1$ 1

~ma~ erial - -

P O L,id . m n rcrrnl

;x Scattering density is the mean square sca ttering of
nominal momentum muons per unit length of a material .

,

6B - Po LA
P

~
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When Scattering is the Signa l

Estimated VARIANCE of scattering expected
for a nominal muon making the path of ray i is

L ;~
: path length expressed as:of rav i

N

v;
2

= 0~, _ 1 L;;
i= l

CONDITIONAL PROBABILITY of the
scattering of ray i given the scattering density

[19 estimate is : zM PrAer v,1- I eXp - 0 0,
aeM_, ~ 1 T~, 2vj

2 The scattering of each ray is uncorrelated wit h
the scattering of any other ray, so th e

probability of the entire dataset over M rays is :

P(40I v ) = Fj P (O Orl vj
1 _ 1

~
Lo~ s Alamos

LA-UR-03-920 4
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Incorporating Displacement

Particle with
momentum p o

Mat erial
with

rad iatio n
length Lo

x

B ~

Particle is scattered
and displaced

Displacement is encompassed in multiple
scattering theory .

Bend angle and displacement may be described
by a correlated 2D Gaussian distribution .

.f (9 , .x) = exp l - ~ [4
2

T
~~~ L

.x f E - '14 I

6~~. 6 r

T-,

L

l,
,
` L ,

x _ - 6~ 6th = - 6~
3 2

l.'
6N = U (r ; = - ). cf",

3 ?

~
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Using Scattering and D isplacement

Now each ray carries the signal :

Li path length
of rav i 0 8~

Expressions can be derived for the covariance
matrix as a function of ray paths and scattering

density estimates :
dM

d
vlli S(lii w0, i i wf)x , i i

M_,
We O), W X i X

And the probability of the measured signal d ;
given the covariance matrix estimate is :

P d ; E ; _
2 ;r E ;

I/Z eX p _ I dTj~-~d~
2

Los Alamos
LA - UR -03-9 20 4

d; d; , I



FIaxiriizing L ike lihood

Define the optimal estimate as the estimate which maximizes
the conditional probability :

X* = arg max P iId
i

Expanding the right side using Bayes Law :

P(dlil` (i )
arg max

a, P(d )

The denominator term is a constant, and if we assume that any
object makeup is equally probable :

.X* = arg max P (dl ~ ,)
i

A~Los Alamos
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Mix:im iz,ing LOG Like!ihood;

Maximizing the log of the likelihood is equivalent to maximiz i ng likelihood :

X* = arg max 1n[P(dlk)]

X* = arg max 1n [P(d ; I E ; )]

Recall that the ray probabilities are Gaussian :

~,* = arg max i-1n(2~z)- 1 1*i I)- 1 dT1t'd l
a, ,_, 2 2

X* = arg min [1n(E j I d T Ei'dZ ]
a, 1=,

o~Los Alamos
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The Mini'mization PrOIIefl1

We now have a cost function for a minimization problem :

F(i)= [i)+ dT E ; ld l ,
~- ~

However, we need to constrain scattering densities to positive
values, in fact, to values at least representative of air .

Hence we define the constrained minimization problem :

~,* = arg min FW such that Ai >AQir for all j
i
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Finding a~~ Solution

• Constrained optimization via trust region based Newton type
method

- Analytical expressions for Jacobian and Hessian matrices can be
developed .

- Works well for scenes with small number of parameters and rays
(e .g ., around 1000 voxels, a few thousand rays on a desktop PC) .

- Computation and storage of Hessian matrix limits problem size .
• Expectation Minimization ( EM ) Algorithm

- Slower convergence than Newton type method .
- Can handle larger problems (e .g ., 100K+ voxels, 100K+ rays) .
- Parallelizable .

~~Los Alamos
NATIONAL LABORATORY
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Ext en si ns

Measurement Erro r

• Finite detector resolution
generates uncertainty in bend
angle and displacement
measurements .

Error may be modeled and
included in the statistical mode l

For ray i

6e t = Weii + Eoe

6ex r = We,iX + Eoa,

6z,1 = WXj~, + E~A

Muon Momentum Sprea d

• Real cosmic ray muons vary in
momentu m

• If momentum estimates are
available then they can be
incorporated :

• For ray i
2

Fp t.=M 2 p
p

~
o

P;

2 - F .W . ~,+E 2B,i p,a Ot A0

6ex,; = Fp j We.ji + Ee ,,,

6z,1 = Fp , W,~ ~, + E~

--
'
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ML/EM Reconstruct ion Results

Previous scene
U sphere buried in Al

1 minute simulated exposure

' •

! ~ iu*~ ~~~► '

. ~

PoCA Reconstruction M L/E M Reconstructio n

A
Los Alamos

LA-UR-03-9204



ML/EM on Experimenta l Data

~

A good sta rt but a bit messy .
More work is needed to understand causes .

Los Alamos
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Momentum Estimat ion

Object
measuremen t

are a

M omentum

measuremen t

area

• Measuring pa rticle momentum
increases confidence in material
inference .

• One method is to estimate
momentum from scattering
through known material .

• With 2 plates Ap/p is about 50% .

• W it h N m eas u re me nts Ap/p
a p proach es :

P lates o f

r2N
known

thickness &

comp osit ion

A
Los Alamos~, .
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Surirnary/ Future WOrk

• Cosmic Ray Muon Radiography is a completely new mode for imaging
objects with passive radiation with significant potential applications .

• MLIEM reconstruction algorithm very recently developed .

- Promising results on simulated scenes .

- Working on understanding issues with experimental data .

- May need to add regularization .

- Reconstruction in near real time will be challenging .

• For yes /no detection of contraband high-Z objects several other analysis
methods are proving effect ive .

- Heuristic data reduction methods involving tracing highly scattered rays .

- Simple featurization of ray data coupled with SVM classification .

- These methods tested on thousands of simulated cases with varying
cargos .

- We are building a large scale experimental prototype to validate simulated
results and demonstrate robust large scale detectors .
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